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Microtubule depolymerizationMicrotubule plus ends are dynamically regulated by a wide variety of proteins for performing
diverse cellular functions. Here, we show that the ﬁssion yeast Schizosaccharomyces pombe unchar-
acterized protein mcp1p is a microtubule plus-end tracking protein which depends on the kinesin-8
klp6p for transporting along microtubules towards microtubule plus ends. In the absence of mcp1p,
microtubule catastrophe and rescue frequencies decrease, leading to an increased dwell time of
microtubule plus ends at cell tips. Thus, these ﬁndings suggest that mcp1p may synergize with klp6p
at microtubule plus-ends to destabilize microtubules.
Structured summary of protein interactions:
mcp1p and mal3p colocalize by confocal microscopy (View interaction)
atb2p and mcp1p colocalize by confocal microscopy (1, 2)
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Fundamental cellular processes such as cell migration, organelle
transportation, and chromosome segregation require the microtu-
bule cytoskeleton. Microtubules are polar structures, with the
minus ends nucleated at themicrotubule-organizing center (MTOC)
and the plus ends dynamically exploring cellular space. At microtu-
bule plus ends reside a wide variety of proteins whose activities are
important for microtubule functions [1]. These proteins also known
as the microtubule plus-end tracking proteins (+TIPs) function
either to directly regulatemicrotubule dynamics or to attachmicro-
tubules to the cell cortex and other subcellular structures [1,2].
Most +TIPs depend on EB1, a master microtubule regulator, for
localizing to microtubule plus ends and generally possess one or
multiple SxIP motifs that are embedded in a basic and serine-rich
polypeptides region [2,3]. Despite the expanding list of +TIPs [4],
cellular functions of these proteins remain to be determined.
The genetically tractable unicellular organism ﬁssion yeast
Schizosaccharomyces pombe is an attractive model organism for
studying microtubule organization and dynamics due to its welldeﬁned microtubule array. Like higher eukaryotes, ﬁssion yeast
operates similar molecular mechanisms for regulating microtubule
dynamics, and most microtubule associated proteins (MAPs) in-
volved in the process are conserved +TIPs. For example, the +TIP
EB family protein mal3p stabilizes microtubules by inhibiting
shrinkage and promoting rescue [5]; the chTOG/xMAP215 family
protein alp14p serves as a dose-dependent microtubule polymer-
ase to promote microtubule growth [6]. In contrast to these
proteins for promoting microtubule assembly, microtubule desta-
bilizing proteins are not well characterized. To date, the conserved
kinesin-8 family proteins have emerged as key microtubule desta-
bilizing factors [7]. In budding yeast, the +TIP kinesin-8 Kip3 serves
as a microtubule depolymerase to promote microtubule depoly-
merization in a length-dependent manner [8]. However, the hu-
man kinesin-8 Kif18A does not appear to harbor microtubule
depolymerase activity, and instead, it destabilizes microtubules
by inhibiting microtubule polymerization [9]. Similarly, the ﬁssion
yeast kinesin-8s klp5p and klp6p, which function as a heterodimer
[10,11] and are referred to as klp5p/6p, does not possess microtu-
bule depolymerase activity [12]. Klp5p/6p appears to enhance
microtubule catastrophe in a microtubule length-dependent
manner [13] but its mode of action is not well characterized. It is
conceivable that kinesin-8 may rely on another regulatory protein
for executing this function.
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Fig. 1. Mcp1p associates with microtubules. (A) Domain structure of mcp1p. Full
length mcp1p (systematic name: SPAC1687.10) contains 661 amino acids and has a
predicted coiled-coil domain at its amino-terminus as indicated. (B) Maximum
projection images of wild-type cells expressing mCherry-atb2p (a-tubulin), and
mcp1p-YFP that is under the control of the nmt1 promoter. The cells were cultured
for 24 h in liquid EMM medium without thiamine, followed by imaging with a
spinning-disk confocal microscope. Arrows indicate the microtubule plus ends of a
microtubule bundle. Scale bar, 5 lm. (C) Maximum projection images of wild-type
cells expressing mcherry-atb2p, and mcp1p-3GFP from its own promoter. Arrows
indicate the microtubule plus ends of a microtubule bundle. Scale bar, 5 lm.
860 F. Zheng et al. / FEBS Letters 588 (2014) 859–865Here, we characterize the role of a new MAP mcp1p in S. pombe
and show that mcp1 is a +TIP and depends on the kinesin-8 klp5p/
6p for localizing to microtubule plus ends where it acts to destabi-
lize microtubules.
2. Materials and methods
2.1. Yeast strains
Standard yeast media and methods were used to create yeast
strains, as previously described [14]. The PCR-based method de-
scribed in [15] was employed to tag mcp1+ with GFP and to delete
mcp1+. For mcp1+ GFP tagging, a 50 primer: AAGTTTAGAGGTAAAT
AAACCAAGTTCTCCAAGGCCATGATGCCGAACTTCTGTTTTTAATGTTA
AAATCATAAGATATTCGGATCCCCGGGTTAATTAA, and a 30 primer
AAAAATTACGAATTATTTCATTATATTCATACATTAATAGTAAGTATAT-
TAAAAAATATTGTAGAGTAACGAGAGACAAAGAATTCGAGCTCGTTTA
AAC, were used; for mcp1+ deletion, a 50 primer: CAAAGAAGT-
TAAAAAACAATTTAAATGGGCTACACTTTTCGTCTGATGAAGGTTCTAA
ACTACCTACTTTTCTAGGTCGACGGATCCCCGGGTTAATTAA, and the
30 primer as above were used. All strains used in this study are
listed in the Supplemental table S1.
2.2. Microscopy
Imaging was carried out at 25 C in a temperature controllable
incubator with a Perkin Elmer spinning-disk confocal microscope
equipped with a Zeiss PlanApo 100X/1.4 NA objective and the
Photometrics EMCCD camera Evolve 512, as previously described
[16]. For maximum projection imaging analysis, Z-stack images
consisting of 11 planes (step size 0.5 lm) were acquired. For high
temporal resolution analysis, a single plane was acquired every
5 s. Imaging data was analyzed with Metamorph (version 7.7).
Microtubule dynamics measurements were carried out as previ-
ously described [17]. Detailed imaging conditions and data analysis
are also described in the supplement. Bar chart graphs and box
plots were created by Kaleidagraph (version 4).
3. Results
3.1. Mcp1p localizes to microtubules in vegetative cells
Mcp1p was initially identiﬁed by a genome-wide transcriptome
study [18] as a coiled-coil protein expressed speciﬁcally during late
meiosis [19]. Mcp1p has 661 amino acids, with the coiled-coil do-
main lying at its amino-terminus (Fig. 1A). Our further amino acid
sequence analysis by blast found no mammalian homologue, but
showed 21% sequence similarity to the microtubule bundling pro-
tein ase1p (PRC1 in human). In our microscopy screen for new
MAPs, we found that mcp1p displayed remarkable staining along
cytoplasmic microtubules when overexpressed from the inducible
nmt promoter in vegetative cells (Fig. 1B). This microtubule local-
ization is consistent with the result from the ORFeome localization
project [20]. In addition, we noted that overexpressed mcp1p ap-
peared to concentrate near microtubule plus ends, adjacent to cell
tips. Consistent with this, the endogenous mcp1p tagged with
three tandem GFPs at its carboxyl-terminus (mcp1p-3GFP) mainly
resided at a microtubule region near cell tips, likely at microtubule
plus ends (Fig. 1C). These ﬁndings suggest that mcp1p is also a
MAP in vegetative cells.
3.2. Mcp1p moves towards and tracks microtubule plus ends
To further determine whether mcp1p is a +TIP with motility, we
carried out confocal live-cell imaging to analyze wild type cellsendogenously expressing mal3p-mCherry (a marker for growing
microtubule plus ends) and mcp1p-3GFP on time scales of 5 s.
Interestingly, mcp1p-3GFP exhibited three distinct modes of
motion (Fig. 2A and Fig. S1). First, mcp1p tracked growing microtu-
bules at their plus ends as evident by the marked colocalization of
mal3p and mcp1p; second, mcp1p moved along microtubules to-
wards microtubule plus ends, a motion resembling the processive
movement of a kinesin; last, mcp1p also tracked depolymerizing
microtubules at their plus ends upon the disappearance of mal3p.
Unlike other end-tracking +TIPs, mcp1p contains no SxIP motifs.
Intriguingly, however, quantiﬁcation revealed that all shortening
microtubules had strong mcp1p staining at their plus ends but only
60% growing microtubule plus ends displayed mcp1p staining
(Fig. 2B). This ﬁnding underscores the importance of mcp1p in
microtubule depolymerization. Such mcp1p dynamic behaviors
are almost identical to the dynamic behaviors of the microtubule
catastrophe promoting factor kinesin-8 klp6/5p, as shown
(Fig. 2C and D). Collectively, we conclude that mcp1p is a +TIP
protein displaying unidirectional movement along microtubules.
3.3. Mcp1p unidirectional motion depends on the kinesin-8 klp6p
The similar dynamic behaviors of mcp1p and klp6p prompted
us to ask whether klp6p is required for the transportation or track-
ing of mcp1p to microtubule plus ends. Protein sequence analysis
predicted no motor domain in mcp1p, further raising the possibil-
ity that the unidirectional movement of mcp1p may depend on a
kinesin. To test this hypothesis, we examined wild-type and klp6D
cells endogenously expressing mcp1p-3GFP. In the absence of
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Fig. 2. Dynamic behaviors of mcp1p and klp6p. (A) Time-lapse live-cell images of a wild-type cell expressing mal3p-mCherry (microtubule plus-tip marker) and mcp1p-
3GFP. The red triangle marks microtubule depolymerization. Note that mcp1p colocalized with mal3p at the growing microtubule plus end (indicated as 1), moved towards
microtubule plus end (indicated by red arrows 2 and 3), and tracked the depolymerizing microtubule at its plus end (indicated as 4). Scale bar, 2 lm. (B) Quantiﬁcation of
growing and shortening microtubules (MTs) that had mcp1p at their plus ends. Note that all shortening microtubule plus ends displayed mcp1p staining and only 60% of
growing microtubule plus ends displayed mcp1p staining. (C) Time-lapse live-cell images of a wild-type cell expressing mal3p-mCherry and klp6p-3GFP. The red triangle
marks microtubule depolymerization. Note that klp6p moved towards the microtubule plus end (indicated by red arrows 20 and 30), and tracked the depolymerizing
microtubule at its plus end (indicated as 40). Scale bar, 2 lm. (D) Quantiﬁcation of growing and shortening microtubules (MTs) that had klp6p at their plus ends. Note that all
shortening microtubule plus ends displayed klp6p staining and only 40% of growing microtubule plus ends displayed klp6p staining.
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tubule plus ends near cell tips, was impaired, with only 20% of
the klp6D cells displaying weak mcp1p signal at cell tips
(Fig. 3A). By contrast, 80% of the wild-type cells displayed strong
mcp1p signal at cell tips. Two-color time-lapse imaging further
conﬁrmed our ﬁnding that mcp1p transport towards microtubule
plus ends was impaired in the absence of klp6p (Fig. 3B). Moreover,
mcp1p was no longer detected at the microtubule plus ends in
klp6D cells (Fig. 3B). This impaired movement and localization of
mcp1p was unlikely due to an indirect effect of microtubule disor-
ganization, as cells lacking klp6p still had an intact microtubule ar-
ray, with mal3p localizing normally to the microtubule plus ends
(Fig. S2). Thus, these results suggest that the kinesin-8 klp6p is re-
quired for transporting mcp1p towards microtubule plus ends and
is indispensable for mcp1p to track microtubule plus ends.
3.4. Mcp1p is required for microtubule destabilization at cell tips
Next, we sought to determine the role of mcp1p in regulation of
microtubule dynamics. We ﬁrst analyzed microtubule organizationby examining the number of microtubule bundles in wild-type and
mcp1D cells with a confocal microscope. This experiment showed
no difference in microtubule bundle number in wild-type and
mcp1D cells (Fig. 4A and B), indicating that microtubule organiza-
tion is not affected by the absence of mcp1p. Despite this, we
noticed that mcp1D cells tended to have more buckled microtu-
bules at cell tips (Fig. 4A), indicating that microtubule dynamics
may be impaired in the absence of mcp1p. We then measured
microtubule growth and shrinkage rates, showing that these two
parameters are comparable in wild type and mcp1D cells (Fig. 4C
and D). Intriguingly, microtubule catastrophe and rescue frequen-
cies, however, were signiﬁcantly reduced in mcp1D cells, indicat-
ing that microtubules become more stable in mcp1D cells than in
wild type cells (Fig. 4E and F). This microtubule stabilization could
lead to more stable contact of microtubule plus ends with cell tips.
To test this hypothesis, we measured the dwell time of microtu-
bule plus ends in contact with the cell cortex. As expected, the
dwell time in mcp1D cells was signiﬁcantly increased compared
to wild type cells (Fig. 4G), and this prolonged dwell time allowed
microtubules to continue growing and thus buckling at cell tips in
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862 F. Zheng et al. / FEBS Letters 588 (2014) 859–865mcp1D cells (Fig. 4H). Interestingly, however, the absence of
mcp1p did not affect klp6p localization (Fig. S3). Taken together,
these results suggest that mcp1p is required for microtubule desta-
bilization at cell tips.3.5. The absence of mcp1p increases nuclear oscillation
In ﬁssion yeast, the nucleus is positioned at the cell center by a
balance of microtubule pushing forces generated at cell tips, and
this process is critical for determining the future division site
[21]. To explore the effect of microtubule over-stabilization on nu-
clear dynamics in mcp1D cells, we examined SPB (spindle pole
body) oscillation. As expected, the over-stabilized microtubules
at cell tips caused by the absence of mcp1p resulted in a signiﬁ-
cantly larger amplitude of SPB oscillation (Fig. 5A–C). Hence,
mcp1p is important for maintaining proper nuclear dynamics
and positioning within the cytoplasm.4. Discussion
In this study, we describe a new +TIP protein mcp1p in the ﬁs-
sion yeast S. pombe. Mcp1p depends on the kinesin-8 klp6p for
localizing to microtubule plus ends, and upon deposition and sub-
sequent accumulation at microtubule plus ends, mcp1p can then
promote microtubule depolymerization (Fig. 5D). This model issupported by several lines of evidence. First, mcp1p is required
for microtubule depolymerization at cells tips (Fig. 4), a process
also requiring klp5p/6p [11]. Second, mcp1p depends on klp6p
for unidirectional movement along microtubule towards and
tracking microtubule plus ends (Fig. 3). Finally, mcp1p indeed fol-
lows mal3p at microtubule plus ends when microtubules grow and
concentrates at microtubule plus ends upon microtubule depoly-
merization (Fig. 2A and B), dynamic behaviors resembling klp6p
(Fig. 2C and D).
In ﬁssion yeast, similar to mcp1p, the processive kinesin-8
klp5p/6p is a +TIP required for microtubule destabilization at cell
tips [12], likely through enhancing microtubule catastrophe
[11,13]. However, unlike its counterpart Kip3 in budding yeast,
klp5p/6p does not possess intrinsic microtubule depolymerase
activity [12], and its biochemical properties are not well character-
ized. So, how does klp5p/6p destabilize microtubules at cell tips?.
If klp5p/6p were the sole microtubule destabilizing factor, micro-
tubule plus-end dynamics would not change in the absence of
mcp1p. Yet microtubule plus ends become more stable in mcp1D
cells than in wild type cells (Fig. 4E–H), and microtubule localiza-
tion of klp5p/6p is unaffected in the absence of mcp1p (Fig. S3).
Therefore, it is unlikely that klp5p/6p acts alone to destabilize
microtubules. Instead, klp5p/6p may act indirectly to destabilize
microtubules by transporting mcp1p to microtubule plus ends.
Alternatively, klp5p/6p may trigger microtubule depolymerization
by itself but this activity requires the presence of mcp1p; and in
WT mcp1Δ
G
FP
-a
tb
2
A
0
10
20
30
40
50
2 3 4 5 6
WT (n=174)
mcp1Δ (n=173)
C
el
ls
 (%
)
Microtubule bundles
B
0
1
2
3
4
n=100 n=100
R
at
e 
(μ
m
/m
in
)
Growth
WT mcp1Δ
C
0
2
4
6
8
10
12
14
n=100 n=100
R
at
e 
(μ
m
/m
in
)
Shrinkage
WT mcp1Δ
D
n=28 n=37
P<0.001
Rescue
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
Fr
eq
ue
nc
y 
(m
in
-1
)
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
n=28 n=37
P<0.001Fr
eq
ue
nc
y 
(m
in
-1
)
Catastrophe
WT mcp1Δ
E
WT mcp1Δ
F
0
1
2
3
4
5
6
WT mcp1Δ
Ti
m
e 
(m
in
) P<0.001
n=50 n=72
Dwell
G
H
W
T
m
cp
1Δ
0 
sec
0 
sec
10 20 30 40 50 60 70 80 90 110 130 150 170 190
10 20 30 40 50 60 70 80 90 110 130 150 170 190
Fig. 4. Mcp1p is required for microtubule destabilization at cell tips. (A) Maximum projection images of wild-type and mcp1D(mcp1p null) cells expressing GFP-atb2p. Note
that mcp1D cells exhibited buckled microtubules at cell tips (indicated by arrows). Scale bars, 5 lm. (B) Histogram showing the percentage of wild type and mcp1D cells
containing the indicated number of microtubule bundle. Cell number analyzed is indicated. (C–G) Box plots of microtubule growth rate (C), shrinkage rate (D), catastrophe
frequency (E), rescue frequency (F), and dwell time of microtubule plus ends at cell tips (G) for wild-type and mcp1D cells. Microtubule number analyzed is indicated.
Statistical analysis was carried out using Student’ t-test. (H) Time-lapse live-cell images of wild-type and mcp1D cells expressing GFP-atb2p. Microtubule plus ends dwelling
at cell tips are indicated. Scale bars, 5 lm.
F. Zheng et al. / FEBS Letters 588 (2014) 859–865 863this model, mcp1p may play an auxiliary role in activating the
microtubule depolymerase activity of klp5p/6p. To validate these
two models, future work should be focused on testing whether
mcp1p possesses any intrinsic microtubule depolymerase activity
and whether the presence of mcp1p can convert klp5p/6p to a
microtubule depolymerase.
The klp6p-mediated transport of mcp1p towards microtubule
plus ends somewhat resembles the dynamic behaviors of tip1p
that is carried by the kinesin tea2p towards microtubule plus ends
[22,23]. However, the apparent end-tracking of shortening
microtubules clearly distinguishes mcp1p/klp6p from tip1p/tea2p(Fig. 2). It is likely that the cell has devised similar kinesin-based
mechanisms for delivery of different +TIPs for regulating different
aspects of microtubule dynamics. Klp6p transports mcp1p to
microtubule plus ends for promoting microtubule depolymeriza-
tion, while tea2p transports tip1p to microtubule plus ends for pro-
moting microtubule polymerization.
Similar to klp5p/6p, the human kinesin-8 Kif18A is not a typical
microtubule depolymerase, and it promotes microtubule depoly-
merization likely by suppressing microtubule growth [9]. It is pos-
sible that Kif18A may also require a regulatory protein like mcp1p
for enhancing its microtubule destabilizing activity. Therefore, our
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864 F. Zheng et al. / FEBS Letters 588 (2014) 859–865proposed synergistic role of klp5p/6p and mcp1p in destabilizing
microtubules at cell tips may have been well conserved through
evolution.
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